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The centromere is the chromosomal site that
joins to microtubules during mitosis for proper
segregation. Determining the location of a
centromere-specific histone H3 called CENP-
A at the centromere is vital for understanding
centromere structure and function. Here, we re-
port the identification of three human proteins
essential for centromere/kinetochore structure
and function, hMis18a, hMis18b, and M18BP1,
the complex of which is accumulated specifi-
cally at the telophase-G1 centromere. We pro-
vide evidence that such centromeric localiza-
tion of hMis18 is essential for the subsequent
recruitment of de novo-synthesized CENP-A.
If any of the three is knocked down by RNAi,
centromere recruitment of newly synthesized
CENP-A is rapidly abolished, followed by de-
fects such as misaligned chromosomes, ana-
phase missegregation, and interphase micro-
nuclei. Tricostatin A, an inhibitor to histone
deacetylase, suppresses the loss of CENP-A
recruitment to centromeres in hMis18a RNAi
cells. Telophase centromere chromatin may
be primed or licensed by the hMis18 complex
and RbAp46/48 to recruit CENP-A through reg-
ulating the acetylation status in the centromere.
INTRODUCTION
The centromere/kinetochore is fundamental for accurate
chromosome segregation in eukaryotic cells (Clarke and
Carbon, 1980; Rieder and Salmon, 1998; Cleveland
et al., 2003; McAinsh et al., 2003; Yanagida, 2005). In
the budding yeast Saccharomyces cerevisiae, which
may have the shortest centromere (Clarke and Carbon,
1980), 70 centromere/kinetochore proteins have beenDevereported (e.g., Meraldi et al., 2006). More proteins may
be present in other eukaryotes that have much bigger
centromeres/kinetochores.
CENP-A (centromere protein A) is a histone H3 variant
and an essential component of centromeres (Sullivan
et al., 1994). CENP-A was first identified in humans (Earn-
shaw and Rothfield, 1985; Palmer et al., 1987), and it was
later found in diverse eukaryotes, such as Cse4 in budding
yeast, Cnp1 in fission yeast, and C1D in fly (Stoler et al.,
1995; Meluh et al., 1998; Takahashi et al., 2000; Blower
and Karpen, 2001). All of these CENP-A orthologs are
essential for centromere/kinetochore function. Human
CENP-A has 140 amino acid residues, comprising a his-
tone H3 fold domain coupled to a unique NH2-teminal
domain. The CENP-A sequence is 51% identical to that
of regular histone H3. In colorectal cancer, CENP-A is
overexpressed and misbehaves (Tomonaga et al., 2003),
suggesting that the proper expression and recruitment
of CENP-A to the centromere is important in normal divid-
ing cells. A number of CENP-A-associating proteins have
been identified in human cells by using the mass spectro-
scopic method (Obuse et al., 2004a; Foltz et al., 2006;
Okada et al., 2006). By immunofluorescence microscopy,
CENP-A is observed at the inner kinetochore plate of the
metaphase chromosome (Warburton et al., 1997).
The question of how CENP-A is recruited onto the cen-
tromere is a central problem for understanding assembly
of the centromere/kinetochore structure.CENP-A is acon-
stitutive centromere protein present during the entire cell
division cycle, but it should be recruited to the centromere
during replication or postreplication in order to supply new
CENP-A-containing nucleosomes to the duplicated sister
centromeres (Shelby et al., 2000). In fission yeast, Mis6
(similar to human CENP-I), Mis16, Mis17, Mis18, and
Ams2 have been identified to be required for locating
Cnp1 (CENP-A homolog) to the centromere. If any one
of these genes is defective, Cnp1 is lost at the centromere
(Takahashi et al., 2000; Chen et al., 2003; Hayashi et al.,
2004). In addition, Hrp1 and Sim4 are necessary for
Cnp1 recruitment (Pidoux et al., 2003; Walfridsson et al.,
2005). In human cells, RbAp46/48 highly similar to Mis16lopmental Cell 12, 17–30, January 2007 ª2007 Elsevier Inc. 17
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Telophase Centromere Protein ComplexFigure 1. Sequence Conservation of the hMis18 Family and
Identification of hMis18a and hMis18b Proteins in HeLa Cells
by Immunoblot
(A) Phylogeny of the Mis18 family (see text).
(B) Conserved amino acid sequences of Mis18 family proteins: fission
yeast (sp); Ustilago; human (ha, hb); mouse (ma, mb); chicken (cha,
chb); frog, Xenopus; fish, Medaka and Fugu. Conserved amino acids
are boxed. A database search failed to identify proteins similar to
Mis18 in nematode and fly as well as in budding yeast. Red arrow-
heads indicate the conserved Cys residues.18 Developmental Cell 12, 17–30, January 2007 ª2007 Elsevierwas found to be essential for localizing CENP-A to centro-
mere (Hayashi et al., 2004). As S. pombe mutants mis16
and mis18 displayed the aberrantly increased acetylation
of histone H4 in the core of centromere, Mis16 and Mis18
were postulated to be implicated in the control of histone
acetylation at the centromere.
In this study, we investigate humanMis18, as sequence
search suggested the presence of two potential homo-
logs. In this report, evidence that these human homologs,
hMis18a and hMis18b, are indeed necessary for localizing
CENP-A at the centromere is shown. Unexpectedly,
hMis18 proteins are not present in the centromere/kineto-
chore during mitosis or in replicative and postreplicative
interphase. The centromere signals of hMis18 are highly
intense in late anaphase and telophase. This surprising
localization behavior was also found in the identified
centromere protein, M18BP1 (Mis18-binding protein 1,
see below), which stably binds to the hMis18 proteins.
The presence of these centromere proteins may implicate
a hitherto unknown centromeric function in telophase. We
provide evidence that the centromeric localization of
hMis18 is required to recruit newly synthesized CENP-A
to the centromere, and that inhibition of histone deacety-
lases suppresses the failure of CENP-A recruitment in
hMis18 RNAi cells.
RESULTS
Conserved Mis18 Family Present in Vertebrate
Genomes
A BLAST search revealed that all of the vertebrate ge-
nomes examined encode one or two similar proteins to
S. pombe spMis18 (Figure 1A). Humans have two
(C21ORF45 and OIP5) that are designated hMis18a and
hMis18b, respectively. Mammals and chickens contain
two homologs, while fish and frogs have only one. A
smut fungus, Ustilago, has also a Mis18-like protein. The
ranges of molecular weights are 26–49 kDa. Similar pro-
teins have not yet been found in other fungi, fly, or nema-
tode, as the sequence similarity may be rather low.
Sequences of Mis18 in various organisms are depicted
in Figure 1B (identical amino acids are shown by dark
boxes). These Mis18 homologs all have a conserved motif
containing cysteine and glycine residues, fxCxxCxxxxG
(f, a hydrophobic amino acid; conserved C residues are
indicated by the red arrowheads), which are repeated
twice in any of the proteins in this family (the first repeat
in hMis18b contains A instead of G). Human hMis18a is
26% and 30% identical, respectively, to hMis18b and
spMis18. Although the repeat motif contains cysteine, it
showed no significant similarity to the zinc finger tran-
scription factor and to the ring finger ubiquitin E3 ligase.
(C) Immunoblot of extracts of HeLa cells that are either nontransfected
or stably express GFP-hMis18a. Affinity-purified anti-hMis18a and
anti-GFP antibodies were used.
(D) Immunoblot was performed for extracts of HeLa cells that are either
transiently transfected by nontagged hMis18b or that stably expressed
GFP-tagged hMis18b. Monoclonal anti-hMis18b and anti-GFP anti-
bodies were used. End, endogenous hMis18b.Inc.
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for hMis18a).
The transcripts of hMis18a were assayed by northern
blot hybridization in various human tissues. The highest
hybridization level was found in testes (Figure S1; see
the Supplemental Data available with this article online).
Identification of hMis18a and hMis18b Proteins
Rabbit polyclonal antibodies against hMis18awere raised
by using a bacteria-made recombinant protein. We then
constructed a HeLa cell line, which stably expressed
GFP-tagged hMis18a, by clonal selection of transfected
cells. Transfected and nontransfected HeLa cells were
used for identification of hMis18a by using antibodies
against hMis18a and GFP. The 31 kDa protein bands
were detected by anti-hMis18a antibodies in extracts of
HeLa cells that were either nontransfected or transfected
(Figure 1C, left panel). Transfected HeLa cells exhibited
two bands against polyclonal anti-hMis18a antibodies.
The 58 kDa upper band was identical to that detected
by anti-GFP antibodies (right panel). This 58 kDa band
was absent in nontransfected HeLa cells. The 31 kDa
band detected by anti-hMis18a antibodies decreased in
intensity when RNA interference (RNAi) knockdown was
applied (see below). We therefore concluded that the 31
kDa band represented endogenous hMis18a protein.
To detect hMis18b, monoclonal antibodies were raised
against the full-length recombinant protein made in bacte-
rial cells. HeLa cell extracts containing endogenous
hMis18b and additional GFP-tagged hMis18b that was
stably expressed by the chromosomally integrated gene
were employed for immunoblot (Figure 1D). The 29 kDa
bandwas detected bymonoclonal antibody as the endog-
enous product, while the additional, intense 56 kDa band
was detected as the GFP-tagged hMis18b protein (left
panel). When anti-GFP antibodies were used, only the
56 kDa band could be detected (right panel).
Interaction of hMis18a with hMis18b
Chromatin extracts of the stable GFP-hMis18a cell line
were solubilized by 0.5 M NaCl and immunprecipitated
by anti-GFP antibodies. As shown in Figure 2A, immuno-
blot showed that hMis18b was coprecipitated with GFP-
hMis18a. We examined whether RbAp46 and RbAp48
were also coprecipitated with hMis18a, and we found
that both RbAp46 and RbAp48 were present in the immu-
noprecipitates. However, CENP-A was not detected in
the immunoprecipitates under the present conditions
employed.
Consistent with this finding, the LC/MS/MSmass spec-
troscopic analysis (the procedures described in Obuse
et al. [2004a, 2004b]) indicated that the immunoprecipi-
tatesmade by the FLAG-tagged hMis18a (see below) con-
tained hMis18b peptides (Figure 2B) as well as hMis18a. In
the two types of immunoprecipitates from 0.1 or 0.5 M
NaCl extracts from the nuclear chromatin of HeLa cells,
a number of peptides derived from both hMis18a and
hMis18b were obtained. Peptides of hMis18a andDevelhMis18b derived from 0.5 M NaCl extracts covered 48%
and 34%, respectively, of the coding regions.
As hMis18a and hMis18b in cell extracts were rather low
in their levels and difficult to be sufficiently purified for
further analysis, we applied the yeast two-hybrid method
(Experimental Procedures) as an alternative method for
detecting interactions between them. Gal4-BD (binding
domain) and Gal4-AD (activation domain) fused with these
genes were employed. As shown in Figure 2C (left panel),
the intense two-hybrid interactions were observed be-
tween hMis18a and hMis18b, strongly suggesting that
they were directly bound in the immunoprecipitates. The
strong two-hybrid interaction was also found between
BD-hMis18b and AD-hMis18b, suggesting that a complex
larger than the heterodimer might be formed.
Identification of Myb-Containing M18BP1, which
Physically Interacts with hMis18a
The LC/MS/MS analysis described above (Figure 2B)
showed that peptides derived from c14orf106 (designated
M18BP1, Mis18-binding protein 1, hereafter) were also
plentiful in the 0.5 M NaCl-solubilized chromatin fraction
(Figure 2B). The peptides derived fromM18BP1 (expected
MW of 129 kDa) in 0.5 M NaCl chromatin covered 27% of
M18BP1’s coding region. To detect M18BP1 protein,
monoclonal antibody was raised against the C-terminal
peptide of M18BP1 (Experimental Procedures). It was
found to produce the protein band at the expected MW
position of M18BP1 in HeLa cell extracts (Figure 2A).
Figure S2A shows that this band disappeared 24 hr after
M18BP1 RNAi was applied in HeLa cells that stably ex-
pressed GFP-hMis18a. Interestingly, hMis18a (both en-
dogenous and GFP-tagged ones) decreased its levels in
extracts, suggesting that the complex formation might
be needed for protein stability. In Figure S2B, GFP-tagged
M18BP1 was transiently expressed in HeLa cells. Immu-
noblot with monoclonal anti-M18BP1 showed the two
bands (endogenous and GFP tagged) in transfected cells,
while anti-GFP antibody detected only the tagged band in
transfected cells.
To confirm the interaction of M18BP1 with hMis18a and
hMis18b, the two-hybrid method was applied. Only
a weak positive interaction was found for the interaction
between BD-M18BP1 and AD-hMis18b. As M18BP1
might preferentially interact with the dimer of hMis18a
and hMis18b, the three-hybrid method was employed.
As shown in Figure 2C (right panel), the intense three-
hybrid interaction was observed between BD-M18BP1
and the complex of hMis18a and hMis18b, both of which
were fused with AD.
The amino acid sequence of M18BP1 contains the
Myb/SANT domain that may bind to DNA (indicated by
the box in Figure 2D). The reason why M18BP1 was
only slightly solubilized by 0.1 M NaCl might be due to
its stable interaction with nuclear chromatin. Clear homo-
logs of M18BP1 are found in all of the vertebrate ge-
nomes examined, but not in those of other eukaryotes,
including S. pombe.opmental Cell 12, 17–30, January 2007 ª2007 Elsevier Inc. 19
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Telophase Centromere Protein ComplexFigure 2. hMis18a, hMis18b, and M18BP1, which Form the Complex, Are Located in the Centromere
(A) Extracts of HeLa cells that stably expressed GFP-hMis18a were immunoprecipitated by anti-GFP antibodies. Resulting precipitates (IP) were
immunoblotted with antibodies against hMis18b, M18BP1, RbAp46, RbAp48, and CENP-A. Cdc2 detected by PSTAIR was the loading control.
(B) The LC/MS/MS spectroscopy was performed for immunoprecipitates of HeLa cells stably expressing FLAG-tagged hMis18a. Chromatin solubi-
lized by 0.1 M or 0.5 M NaCl was precipitated by FLAG antibodies. The number of peptides obtained is indicated.
(C) Yeast two- and three-hybrid interactions occurred among hMis18a, hMis18b, and M18BP1. See text.
(D) Amino acid sequences of M18BP1 family members in human (h), mouse (m), chicken (ch), and fish (Danio rento, [d]) are shown. Conserved amino
acids are boxed. The SANT/Myb domain is enclosed with the box.
(E and F) HeLa cells stably expressing hMis18a are immuno-stained by (E) anti-CENP-A, (F) anti-CENP-C (upper panel), or (F) anti-CENP-B antibodies
(lower panel). The merged panels in (E) and (F) show GFP (green), DNA (blue), and CENP-A, CENP-C, or CENP-B (red). The inset represents the
enlarged image indicated by the box. The red arrow indicates that the signals of hMis18a, hMis18b, and M18BP1 were abolished in metaphase
chromosomes. The scale bar is 10 mm.
(G) HeLa cells stably expressing GFP-hMis18b are immunostained by anti-CENP-A. The scale bar is 10 mm.
(H) Upper panel: HeLa cells expressingGFP-hMis18awere immunostained by anti-M18BP1 antibodies. Lower panel: HeLa cells transfected and tran-
siently expressing GFP-M18BP1 were immunostained by anti-CENP-A antibodies. DNA is counterstained by Hoechst 33342. The scale bar is 10 mm.Centromere Localization of hMis18a, hMis18b,
and M18BP1
To determine intracellular localizations of hMis18a,
hMis18b, and M18BP1, nontransfected cells and cell lines
that contained stably expressed GFP-tagged hMis18a or
hMis18b were employed. The monoclonal anti-M18BP1
antibody made in this study was utilizable for immunoflu-
orescence microscopy and immunochemical detection
of M18BP1 in human cells and extracts.
The GFP-dot signals of hMis18a were found in inter-
phase cells that stably expressed GFP-tagged hMis18a
(Figure 2E). About 10% of these interphase cells (n =20 Developmental Cell 12, 17–30, January 2007 ª2007 Elsevie200, telophase cells were included as those in interphase,
see below) revealed the centromeric dot signals. Dot
signals were never found on chromosomes in metaphase
cells (indicated by the red arrows), while control CENP-A
was observed at the centromere in all cells. The dot sig-
nals of hMis18a were identical to CENP-A (the enlarged,
merged image shown in the bottom of Figure 2E) and
CENP-C (Saitoh et al., 1992), but only partially colocalized
with CENP-B (Masumoto et al., 1989) that associated with
the repetitive satellite DNA (Figure 2F, upper and lower
panels, respectively). The stained regions of CENP-B
were larger than that of hMis18a. Similar results werer Inc.
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Telophase Centromere Protein Complexobtained for the signals of hMis18b and M18BP1 (Figures
2G and 2H, respectively).
Themetaphase cells did not show any dot signals, while
subpopulations of interphase cells showed the dot sig-
nals. The dot signals of hMis18b and M18BP1 were colo-
calized with hMis18a, and they were thus seen in10%of
the subpopulations of culture cells. In contrast, CENP-A
dot signals were seen throughout the cell cycle. Polyclonal
anti-hMis18a antibodies also revealed centromeric sig-
nals (although their intensity was weak) in a subpopulation
of nontransfected interphase cells (Figure S3), suggesting
that the cell-cycle-dependent centromeric localization
was not peculiar to the tagged hMis18. In addition, centro-
some-like signals were seen, due to the contaminating
antibodies. Such centrosome-like signals were not abol-
ished after RNAi was applied and were not found for
monoclonal anti-M18BP1 antibody and the transfection
of GFP-tagged hMis18a and hMis18b.
Telophase Centromeric Signals of hMis18
Movies were taken for the intracellular signals of GFP-
hMis18a (green) and DNA (red by Hoechst 33342) during
the cell cycle and are shown in Figure 3A (the number is
time in minutes). Single- and double-color movies are
also shown in Movies S1A and S1B, respectively. The
GFP signals of hMis18a were not seen on centromeres
from the early mitotic stage to metaphase, but they were
rapidly restored at centromeres in late anaphase. The
dot signals restored in a telophase-like stage (0:30 hr) dis-
appeared during G1 (3:00 hr); thus, the duration of the
centromeric signals in the cell cycle was about 2.5 hr, con-
sistent with the fact that 10% of the entire cells revealed
the dot signals. Similar telophase-like localization patterns
was obtained for M18BP1 (the movie is shown as Movie
S2). In all of the cells observed bymovies, the intense cen-
tromere/kinetochore signals were found in late mitosis,
but the dot signals were never seen in metaphase. To
our knowledge, hMis18a, hMis18b, and M18BP1 are the
first human centromere proteins not observed in early to
mid-mitosis.
To determine the precise timing of the appearance of
centromeric hMis18a signals, we then performed immu-
nofluorescensemicroscopy to visualize tubulin andAurora
B simultaneously, by using HeLa cells that stably ex-
pressed GFP-hMis18a. Aurora B and tubulin are the
markers for the midbody that appears in telophase just
prior to cytokinesis. As shown in Figure 3B, intense
hMis18 signals were seen in all of the cells that displayed
the midbody staining of tubulin (top panel) and Aurora B
(bottom panel) in telophase. These results established
that hMis18 was located in centromeres during a brief
period that included telophase.
To further confirm the above-described cell cycle-
dependent localization behavior, we performed immunos-
taining of asynchronous HeLa cells that contained stably
expressed, GFP-tagged hMis18a or hMis18b and were
continuously cultured in the presence of BrdU (35 mM),
with antibodies against cyclin B1 or BrdU (bromodeoxyur-
idine), which could identify cyclin B1-positive and replica-Devtive cells, respectively. Cells containing cytoplasmic cyclin
B1 signals are in the G2 phase, while cells with abundant
chromosome-bound B1 signals are in mitosis (Toyosh-
ima-Morimoto et al., 2001). As shown in Figures 3C and
3D, the dot signals of hMis18a and hMis18b were seen
in a subpopulation of cells and were absent in the cyclin
B1- and BrdU-positive cells. Neither hMis18a nor hMis18b
signals were found in cyclin B1-positive or in BrdU-posi-
tive cells.
We then employed extracts of HeLa cells that were
arrested by nocodazole or double thymidine block. The
level of endogenous hMis18a appeared to decrease in
these arrested cells, while that of GFP-tagged stably ex-
pressed hMis18awas roughly constant (Figure 3E). Under
these M- and S-phase-arrested cells, no cells showed
centromeric localization of hMis18a (Figure 3F; CENP-A
was used as the marker for centromeres). It thus appears
that hMis18 complex members associate with the centro-
meres during mitotic exit beginning in anaphase/telo-
phase, and that they remain associated during early G1.
S. pombe spMis18 Shows a Similar Localization
Pattern
We examined whether the fission yeast spMis18 shows
similar centromere localization. The S. pombe strain chro-
mosomally integrated with the double-tagged spMis18-
GFP and spMis12-RFP (Mis12 was the control for the
mitotic centromere protein) under the native promoters
was used for taking immunofluorescence micrographs
and for making movies and kymographs (Figures S4A
and S4B and Movies S3A and S3B). The signals of
spMis18were diffused in the entire nucleus duringmid-mi-
tosis, but accumulated at the centromeres in late ana-
phase (Figure S4A). In movies (Movies S3A and S3B) and
kymographs (Figure S4B), the signals of spMis18 were
clearly diffused from the entry into mitosis to anaphase.
In kymographs, the entry intomitosis and the onset of ana-
phase are indicated by arrowheads and arrows, respec-
tively. In CHIP (chromatin immunoprecipitation) experi-
ments (Figure S4C), spMis18 was found to bind to the
cnt1 and imr1 central centromere domains, and not in
the outer centromeric dg and the lys1 gene. The fission
yeast spMis18 is thus the central centromere protein,
and it shows the rapid accumulation at the centromere in
late mitosis, which resembles the localization pattern of
human hMis18.
Human hMis18a, hMis18b, and M18BP1
Are Essential for Metaphase Alignment
and Proper Chromosome Segregation
To examine whether these hMis18a, hMis18b, and
M18BP1 centromeric proteins are required for proper
chromosome segregation, RNAi was applied. In hMis18a
RNAi, HeLa cells were collected before adding siRNA (0
hr), or 24, 48, 72, and 96 hr after RNAi was applied, and
extracts were immunoblotted (Figure 4A). The level of
hMis18a greatly decreased reproducibly after 24 hr, and
the level of hMis18bwas also greatly reduced, suggesting
that hMis18b might become unstable in hMis18a RNAielopmental Cell 12, 17–30, January 2007 ª2007 Elsevier Inc. 21
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(A) Time-lapse micrographs of HeLa cells stably expressing GFP-hMis18a. Red, DNA; Green, GFP-hMis18a. See the movie in Supplemental Data.
The scale bar is 10 mm.
(B) Micrographs of HeLa cells that stably expressed GFP-hMis18awere stained by antibodies against tubulin and Aurora B antibodies. The scale bar
is 10 mm.
(C) HeLa cells that stably expressed GFP-hMis18a (top panel) or GFP-hMis18b (bottom panel) were stained by anti-cyclin B1 antibodies. The scale
bar is 10 mm.
(D) The same cells used in (B) were stained by anti-BrdU antibodies. DNA was visualized by Hoechst 33342. The scale bar is 10 mm.
(E) Extracts of the HeLa cell strain that stably expressed GFP-hMis18a were prepared for the asynchronous culture, or for the arrested culture by
double-thymidine block or by the addition of nocodazole. Immunoblot was performed with antibodies against hMis18a (PSTAIR was the loading
control).
(F) The GFP-hMis18a signals were neither observed on the centromere of condensed chromosomes in nocodazole-arrested mitotic cells nor on
double-thymidine-blocked cells. The scale bar is 10 mm.cells. In contrast, the levels of CENP-A and RbAp46/48
remained constant in the depletion of hMis18a for 0–96
hr, suggesting that they did not become unstable and
that the expression level of CENP-A did not seem to be
affected by hMis18 RNAi. In RbAp RNAi cells, the stability
of CENP-A considerably decreased, while the transcript
level of CENP-A was not altered (Hayashi et al., 2004),
probably because RbAp is a histone chaperone (Verreault
et al., 1996).
Mitotic abnormalities, which were negligible after 24 hr,
became significant after 48 hr and most frequent after 72
hr. Metaphase chromosomes were frequently misaligned,
and resulting nuclei showed extensive deformation22 Developmental Cell 12, 17–30, January 2007 ª2007 Elsevie(Figures 4B and 4D). In movies taken 72 hr after RNAi
was applied, almost all of the mitotic cells showed abnor-
mal chromosome segregation (Movie S4). While mitotic
abnormalities were found 48–72 hr after hMis18 RNAi
was applied, there was no sign of the arrest of or signifi-
cant delay in the cell cycle.
To monitor the localization behavior of centromere/
kinetochore proteins, RNAi was then performed for HeLa
cells that stably expressed GFP-tagged hMis12, an
authentic centromere marker protein, which remained
after hMis18a RNAi was applied (Figure 4C) and is also
known to remain after the removal of CENP-A (Goshima
et al., 2003). The mitotic kinetochores (indicated by ther Inc.
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Telophase Centromere Protein ComplexFigure 4. The Mutual Dependency of hMis18a, hMis18b, and M18BP1 for Localization
(A) Immunoblot of HeLa extracts after hMis18aRNAi knockdown for 0–96 hr with antibodies against hMis18a and hMis18b shows that the level of both
hMis18a and hMis18b greatly decreases after 24 hr. The levels of CENP-A, hMis6/CENP-I, and PSTAIR were also examined.
(B) DNA staining by Hoechst 33342 (left) and microtubules by anti-tubulin staining. HeLa cells 48 hr after hMis18a RNAi was applied. The scale bar
is 10 mm.
(C) DNA, tubulin, and GFP-hMis12 were observed inmetaphase HeLa cells after 72 hr of hMis18aRNAi. Only themerged images are shown. A control
no-RNAi cell is also shown. The arrows indicate the misaligned hMis12 centromere signals. The scale bar is 10 mm.
(D) Micronuclei (arrows) formed, and CENP-A signals were abolished 72–96 hr after hMis18a RNAi was applied. The scale bar is 10 mm.
(E) The RNAi of hMis18awas performed in HeLa cells that stably expressed GFP-hMis18b. Centromere signals of GFP-hMis18bwere abolished after
24 hr, while the loss of CENP-A occurred after 72 hr. The scale bar is 10 mm.
(F) M18BP1 RNAi was performed in HeLa cells that stably expressed GFP-hMis18a. Resulting M18BP1 knockdown cells showed the absence of
centromeric signals for GFP-hMis18a and CENP-A, respectively, after 24 and 72 hr. The scale bar is 10 mm.arrows) were misaligned in the spindle. Micronuclei (indi-
cated by arrows in Figure 4D) were also plentiful in inter-
phase cells after hMis18a RNAi was applied (observed
in 18% of cells after 96 hr of RNAi; 2% in control cells
with no RNAi).
CENP-A Recruitment Requires hMis18a, hMis18b,
and M18BP1
A striking feature of hMis18a RNAi cells was the loss of
CENP-A centromeric signals after 48–72 hr (Figure 4D).
The CENP-A dot signals were barely seen in all of the
hMis18a RNAi HeLa cells after 72 hr, whereas the cellularDeveloamount of CENP-A was unaffected as described above
(Figure 4A). After 48 hr, however, the centromeric signals
of CENP-A were still visible, though the intensity was con-
siderably weakened. At this time, the intensity decrease of
CENP-C and CENP-I signals was similar to that of CENP-
A (data not shown), while the centromeric signals of
hMis18a were completely abolished.
In Figure 4E, CENP-A and GFP-tagged hMis18b were
observed after hMis18a RNAi was applied in HeLa cells
that stably expressed GFP-hMis18b. Before RNAi was
applied, 10% of the cells revealed centromeric signals
of hMis18b. The centromeric signals were reduced topmental Cell 12, 17–30, January 2007 ª2007 Elsevier Inc. 23
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Telophase Centromere Protein ComplexFigure 5. The Impaired Recruitment of Newly Synthesized GFP-CENP-A after hMis18a RNAi Is Suppressed by TSA
(A) Top: the schematized experiment. Middle: GFP-tagged CENP-A andDNAwere observed in HeLa cells 24 and 48 after hMis18aRNAi was applied.
Control luciferase RNAi is shown. Bottom: the recruitment of newly synthesized CENP-A vanished in hMis18a RNAi cells. The scale bar is 10 mm.
(B) Left: the quantitative assay for the dot signals of GFP-CENP-A. Right: efficiency of transfection.
(C) Treatment with TSA suppressed the impaired recruitment of newly synthesized GFP-CENP-A in hMis18aRNAi cells in a dose-dependent manner.
Top: experimental scheme. Middle: GFP-tagged CENP-A and DNA were observed in HeLa cells 24 hr after hMis18a RNAi was applied under the
treatment of TSA (0–40 ng/ml). Control luciferase RNAi is shown. Bottom: the frequencies of dot and nuclear localization signals of GFP-CENP-A
are shown in the left and right panels, respectively. The scale bar is 10 mm.2.5%, 0.4%, and 0% of the cells 24, 48, and 72 hr, res-
pectively, after RNAi was applied, consistent with the
reduction of the hMis18b protein level described above.
Regarding the centromeric signals of CENP-A, they were
still intense, significantly reduced, and invisible, respec-
tively, after 24, 48, and 72 hr. M18BP1 was found to affect
the centromeric localization of hMis18a and CENP-A.
The centromeric signals of hMis18a quickly disappeared
after 24 hr, but the loss of centromeric CENP-A signals
occurred only after 72 hr (Figure 4F).
Recruitment of Newly Synthesized CENP-A Was
Abolished 24 hr after hMis18 RNAi Was Applied
The decay of CENP-A centromeric signals in hMis18 RNAi
cells may represent the failure of recruitment for newly
synthesized CENP-A. Also, hMis18 is implicated in24 Developmental Cell 12, 17–30, January 2007 ª2007 ElsevierCENP-A recruitment, but it is not yet known what role it
plays. To settle this issue, the experiment schematized
in Figure 5A (top) was performed. RNAi of hMis18a was
initiated, and 15 hr later GFP-tagged CENP-A was trans-
fected to HeLa cells, followed by fixation of cells at 24,
36, and 48 hr. The GFP signals of newly synthesized
GFP-tagged CENP-A was found to be strikingly dimin-
ished at the centromere 24 and 48 hr after RNAi was ap-
plied (middle), while it was normally recruited in the control
of luciferase RNAi (bottom). The quantitative assay, based
on GFP expression of transfected plasmid, indicated that
the efficiency of transfection was the same between
hMis18a RNAi and luciferase RNAi cells at the time points
indicated (Figure 5B, right panel). The dot like centromeric
signals of GFP-tagged CENP-A were seen in only 12%,
6%, and 2% of the HeLa cells after 24, 36, and 48 hrInc.
Developmental Cell
Telophase Centromere Protein ComplexFigure 6. Localization Dependencies between hMis18a and Other Centromeric Proteins
(A) HeLa cells 68 hr after CENP-A RNAi was applied. The centromere signals of hMis18a remained. The scale bar is 10 mm.
(B–E) The centromere signals of hMis12, CENP-B, and CENP-F remained 72 hr after hMis18a RNAi was applied. However, the centromeric signals of
CENP-C and hMis6/CENP-I were lost. The scale bar is 10 mm.
(F) A schematic representation of the kinetochore localization dependency (indicated by arrows) reported in this study. Dependencies indicated by the
thick, gray arrows were previously reported (Goshima et al., 2003; Hayashi et al., 2004).(left panel), respectively. In control luciferase RNAi, how-
ever, the centromeric dots were seen in 100%, 100%,
and 98%, respectively, at 24, 36, and 48 hr (n = 300). These
results demonstrated that newly synthesized GFP-CENP-
A was hardly incorporated into the centromere 24 hr after
the initiation of hMis18a RNAi.
Tricostatin A Suppressed the Loss of CENP-A
Recruitment in hMis18 RNAi Cells
We speculated that the centromeric histone might have to
be acetylated prior to the deposition of CENP-A on centro-
meres. It is known that RbAp46 binds to Hat1 (histone
acetyltransferase catalytic subunit) (Verreault et al.,
1996, 1998). We hence examined whether trichostatin A
(TSA), an inhibitor to histone deacetylase (HDAC), might
suppress the effect of hMis18 RNAi on CENP-A recruit-
ment by suppressing HDACs. The experiment schema-
tized in Figure 5C (top panel) was performed. RNAi of
hMis18a was performed in the absence or the presence
of TSA (0–40 ng/ml), and 15 hr later GFP-tagged CENP-
Awas transfected. Cells were fixed after 24 hr, and centro-
meric localization of newly synthesized GFP-CENP-A wasDeveexamined. The efficiency of transfection was the same
between hMis18a and luciferase RNAi cells. For hMis18a
RNAi cells, the centromere dot signals of GFP-CENP-A
were 17% in the absence of TSA, but they strikingly
increased to 40% and 79% in the presence of 20 and 40
ng/ml TSA, respectively (n = 200). The level of hMis18a
was confirmed to be greatly reduced after hMis18a RNAi
was applied under the treatment of TSA (middle). In con-
trol luceferase RNAi, the GFP-CENP-A signals were found
at centromeres in 100% of the cells in the presence of
TSA. These remarkable results suggested that the in-
hibition of HDACs enhanced the recruitment of newly
synthesized CENP-A in hMis18a-depleted cells in a dose-
dependent manner.
Localization Dependencies between hMis18a
and Other Centromeric Proteins
We made a series of observations to examine localization
dependencies between hMis18a and other centromeric
proteins. First, if CENP-A RNAi was performed, the
centromeric signals of GFP-hMis18a remained normal
(Figure 6A), indicating that the absence of CENP-A didlopmental Cell 12, 17–30, January 2007 ª2007 Elsevier Inc. 25
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ond, we examined whether other authentic centromere
proteins were recruited after Mis18a RNAi was applied,
and we found that the centromere signals of CENP-C
and hMis6/CENP-I (Nishihashi et al., 2002; Liu et al.,
2003) were abolished, but those of hMis12 and CENP-F
(Liu et al., 2003) remained in the centromere (Figures
6B–6E). As GFP-hMis18a kinetochore signals were nor-
mal in hMis12 RNAi cells, localization dependency be-
tween hMis18 and hMis12 was not found. Centromeric
localizations of not only CENP-A, but also CENP-C and
CENP-I, hence are affected by the presence of hMis18a.
To determine when CENP-C and CENP-I centromere sig-
nals became deficient in hMis18a RNAi cells, immunoflu-
orescence microscopy that simultaneously stained
CENP-A and CENP-C or CENP-C and CENP-I was per-
formed. CENP-I and CENP-C signals diminished at about
the same timing as CENP-A, after 48–72 hr.
Thirdly, hMis18a, hMis18b, andM18BP aremutually de-
pendent for their centromere localization; the absence of
any one component among the three abolished centro-
meric localization of the remaining two proteins. In addi-
tion to the results describe above, M18BP1 centromere
signals were found to be abolished in hMis18a RNAi cells
(data not shown). Conversely, hMis18a centromere sig-
nals were lost in M18BP1 RNAi cells (Figure 4F). These re-
sults are consistent with a notion that any of these three
proteins is required for the functional complex formation.
Localization dependencies and physical interactions
found in the present and previous (thick, gray arrows)
studies are summarized in Figure 6F.
The Conserved Motif of Mis18 Is Required for
Centromeric Localization and Function
We then addressed a key question of whether centromere
localization of hMis18 was physiologically relevant to the
function. For this end, substitution mutants at the con-
served cysteine residues were constructed. C85A, C88A,
C141A, and C144Awere alanine substitutions in the highly
conserved CxxCxxxxG motifs, while C134A is a substitu-
tion at another conserved region of the hMis18a protein
(Figure 7A). GFP-tagged substitution mutants were trans-
fected and transiently expressed in HeLa cells (Figure 7B).
The efficiency of transfection was 40%, but no centro-
mere signal was observed at all in any of the C85A,
C88A, C141A, and C144Amutants (the dot signal-positive
cells; 0% C85A; 5% wild-type; the number of cells exam-
ined was 300). However, nonconserved C134A-trans-
fected cells revealed the dot signals in 5.5% of the cells,
indicating that the C134A substitution did not affect cen-
tromeric localization.
We then examined whether newly synthesized RFP-
tagged CENP-A could be recruited to the centromere
when GFP-tagged, alanine-substituted mutant hMis18a
(RNAi resistant) was simultaneously expressed (Figures
7C and 7D). The experiment that employed the RNAi-
resistant, GFP-tagged hMis18a is depicted in Figure 7C
(top). The expression of five GFP-hMis18a mutants (bot-
tom) was confirmed by immunoblot with anti-GFP anti-26 Developmental Cell 12, 17–30, January 2007 ª2007 Elseviebodies. A total of 24 hr after hMis18a RNAi, RFP-tagged,
newly synthesized CENP-A failed to be recruited to the
centromere, when GFP-hMis18a mutants that contained
the Ala substitutions at the conserved cysteine residues
(85, 88, 141, and 144 positions) essential for centromere
localization were expressed (Figure 7D, middle and bot-
tom). However, the C134A mutant as well as the wild-
type hMis18a (resistant to RNAi) normally recruited newly
synthesized CENP-A to the centromere. The above-de-
scribed results clearly demonstrated that the ability of
hMis18a to locate at the centromere is required for the
recruitment of CENP-A to the centromere.
DISCUSSION
In this study, we identified three human proteins, hMis18a,
hMis18b, and M18BP1, and showed that they are located
at the centromeres in a cell-cycle-dependent manner.
Their centromeric signals were greatly accumulated
during an unexpected stage of the cell cycle, from late
anaphase-telophase to early G1, the period of postsegre-
gation and prereplication. Their brightest centromere sig-
nals were seen when Aurora B kinase was intense in the
midbody. In other cell cycle stages, theseproteins seemed
to be diffused in the nucleus. Localization of S. pombe
spMis18 was similar to that of human hMis18 with regard
to its diffused localization during the mid-mitotic stage,
and it was highly accumulated at the centromere in late
anaphase to telophase. Two- and three-hybrid inter-
actions suggest that hMis18a and hMis18b physically
interact, while M18BP1, which has a DNA-binding Myb/
SANT domain, is directly bound to the hMis18a and
hMis18b complex. Results of immunoprecipitation also
support a notion that the three proteins form the complex.
Consistently, RNAi analyses indicate that their centro-
meric localization is mutually dependent: the loss of one
protein abolishes the centromeric signals for others. How-
ever, the final evidence for their stable and possibly stoi-
chiometric association may come from the homogenous
preparation of these scant centromere proteins, which
we attempt to obtain in the future. RbAp46 and RbAp48
appear to interact with hMis18 in a dynamic (nonstable)
fashion. Cell cycle dependency of the interactions be-
tween the hMis18 complex and RbAp46/48 remains to
be investigated.
The RNAi knockdown results indicate that these pro-
teins are essential for proper chromosome segregation.
The protein levels of hMis18a and hMis18b in extracts of
the RNAi cells greatly decrease after 24 hr. In parallel, their
centromere signals are greatly reduced after 24 hr. How-
ever, the misaligned and missegregation phenotypes are
seen in the RNAi cells only later, after 48–72 hr. At these
later time points of 48 and 72 hr, the centromeric CENP-
A signals are, respectively, significantly and greatly dimin-
ished. We speculate that the defective phenotypes in
RNAi cells are caused by the reduction or loss of centro-
meric CENP-A. The loss of other centromeric proteins,
CENP-I/hMis6 and CENP-C, which happens in the ab-
sence of hMis18, may also contribute to bring about ther Inc.
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Telophase Centromere Protein ComplexFigure 7. Functionally Impaired Localization of hMis18a Substitution Mutations
(A) The conserved regions of spMis18, hMis18a, and hMis18b are shown with the consensus. Site-directed mutations constructed in the human
hMis18a are indicated. The red number corresponds to the mutated residues.
(B) HeLa cells transiently expressing each of the substituted hMis18a and tagged with GFP were observed. Those just prior to cell separation are
shown. The centromere localization was abolished in the alanine substitution mutants of C85, C88, C141, and C144, but not in C134. The scale
bar is 10 mm.
(C andD) GFP-tagged, alanine-substituted hMis18a (RNAi resistant) and RFP-tagged CENP-Awere simultaneously expressed under the treatment of
hMis18a RNAi. (C) Top: RNAi-resistant and mutated hMis18a constructs were made by site-directed mutagenesis. Bottom: immunoblot was per-
formed for the extracts of HeLa cells that transiently expressed these mutant genes. (D) The experiment performed is schematized in the top panel.
The frequency of dot-like and nuclear signals of RFP-tagged CENP-A was shown in the middle and bottom panels, respectively.phenotypes. The phenotypes of CENP-A RNAi cells
(Goshima et al., 2003) resemble those of hMis18 RNAi
cells. Note, however, that hMis12 and CENP-F, other clas-
ses of centromeric proteins (Goshima et al., 2003; Kline
et al., 2006), can be found at the centromere in spite of
the removal of CENP-A, CENP-I/hMis6, and CENP-C
from the centromere. Certain centromere structures re-
mained even after the loss of CENP-A.
A striking result that illuminates the task of hMis18 is
that the centromeric signals of de novo-synthesized
GFP-tagged CENP-A are abolished 24 hr after the initia-
tion of hMis18 RNAi. In control luciferase RNAi, the de
novo-synthesized GFP-CENP-A is normally recruited to
centromeres. While hMis18 is depleted by RNAi after 24
hr, the nontagged, endogenous CENP-A signals remained
intense at the centromeres, strongly suggesting thatDevelohMis18 is not required for the maintenance of CENP-A
at the centromere. Consistent with the recruitment role,
the centromeric recruitment of de novo-synthesized
GFP-CENP-A is entirely dependent on the presence of
hMis18 24 hr after the initiation of hMis18 RNAi. This
also explains the slow decay of the previously bound,
centromeric CENP-A signals in RNAi cells, as the signal
intensity may decrease by a half in one division cycle. In-
tense centromeric signals of hMis18 are observed from
telophase to early G1, the stage prior to the replicative
or postreplicative state in which actual centromeric re-
cruitment of newly synthesized CENP-A occurs (Shelby
et al., 2000).We hence anticipate that the hMis18 complex
may prime or license the telophase and G1 centromere for
the later incorporation of de novo-synthesized CENP-A
to the centromere. We provide evidence that suchpmental Cell 12, 17–30, January 2007 ª2007 Elsevier Inc. 27
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tion (see below). The priming hypothesis is consistent
with the finding that hMis18a can be located in the centro-
mere, even if CENP-A is fully lost by RNAi. Under such
RNAi conditions, the hMis18 complex can recognize the
CENP-A-lacking centromere for its association at the telo-
phase centromere.
By using the hMis18 localization mutants, we were able
to address the critical question of whether the centromeric
localization of hMis18 is required for its recruitment of
CENP-A. It is necessary that the conserved cysteine resi-
dues of hMis18 be located at the centromere: alanine sub-
stitution mutants at the conserved cysteine residues of
hMis18a abolish centromeric localization, while alanine
substitution at the 134 cysteine, which is not present in
the conserved repeated motif, can maintain centromere
localization. We examined the centromeric localization of
RFP-CENP-A under the transfected expression of RNAi-
resistant GFP-hMis18 wild-type and localization mutants
in the absence of endogenous hMis18 by RNAi, and we
concluded that the centromeric localization of hMis18mu-
tants is essential for its recruiting role of newly synthesized
RFP-CENP-A (Figure 7D). The experimental outcome was
clear and highly reproducible. Consistent with these hu-
man results, S. pombe mis18mutants that contained sim-
ilar substitution mutants in the conserved motif not only
abolished centromere localization but also failed to rescue
the mis18 ts mutant phenotype (unpublished data).
How does the hMis18 complex act in recruiting CENP-A
through priming the presumably centromeric chromatin?
Our present most striking finding that the presence of
TSA, an inhibitor to HDACs, suppresses the loss of
CENP-A centromeric localization in hMis18a RNAi cells
(Figure 5C) may partly answer the question. The suppres-
sion is nearly complete in the presence of an appropriate
concentration of TSA. We find that hyperacetylation in-
duced by inhibiting HDACs possibly replaces the function
of hMis18a that is lost by RNAi cells. Priming may thus
implicate protein acetylation, possibly at the postsegrega-
tion/prereplication stage. Human RbAp46 was previously
reported to bind to histone H4 and also Hat1, a histone
acetyl transferase, andmay act as a histone escort protein
involved in many aspects of histone metabolism (Verreault
et al., 1996, 1998; Loyola and Almouzni, 2004). RbAp46 is
an abundant nuclear protein and is thought to broadly bind
to the chromosome so that hMis18 may play a porter-
guide role for bringingRbAp46/48 to thecentromere. Alter-
natively, the hMis18 complex may interact with RbAp46/
48 and modulate its function at the centromere. Hat1
bound to RbAp46 is possibly activated by the hMis18
complex at the centromere in telophase. Mechanistic
understanding that involves Hat1 must await further
investigation.
To our knowledge, human hMis18a, hMis18b, and
M18BP1 are the peculiar centromere proteins that are
not present at the centromere during the early to mid-
mitotic progression. While they are required for recruiting
CENP-A, they are not reported as the CENP-A-interacting
proteins that are immunoprecipitated by anti-CENP-A28 Developmental Cell 12, 17–30, January 2007 ª2007 Elsevieantibodies and identified by LC/MS/MS (Obuse et al.,
2004a; Foltz et al., 2006; Izuta et al., 2006; Okada et al.,
2006). CENP-A and the hMis18 complex may not interact
directly, consistent with the priming role of hMis18. The
Mis18 complex is thus regarded as an upstream factor
for CENP-A recruitment, which previously occurred via
priming the centromere chromatin. It may control the state
of histone acetylation in a telophase-early G1-specific
manner. This timingmay be critical for chromosome struc-
ture, as chromosome decondensation and nuclear enve-
lope formation also occur in this postsegregation period.
Actual priming of the centromeric chromatin may involve
protein acetylation, and protein-protein or protein-DNA in-
teraction, which ensures the licensing of the centromere
for later recruitment of CENP-A. The degree of centromere
acetylation may be high until the deposition of CENP-A.
A possible explanation is that the external addition of
TSA can compensate for the loss of hMis18 through the
upregulation of histone H4 acetylation at the centromere
in a telophase-specific manner. This modification of chro-
matin may ensure the later deposition of newly synthe-
sized CENP-A on the duplicated chromosome DNA, in
which CENP-A-interacting proteins such as Mis6/CENP-
I become essential in both fission yeast and human cells.
The priming and actual loading processes are likely to be
coupled so that the loss of primingmay cause the failure of
Mis6/CENP-I to interact with the centromere (Hayashi
et al., 2004). Once CENP-A is successfully deposited at
the centromere, the acetylation state of histone H4 in the
deposited CENP-A-containing nucleosome may become
minimal; thus, the specific acetylation state in centromeric
chromatin is ensured. If Mis18 is lost, and CENP-A is sub-
sequently not loaded, resulting centromeric chromatin
may become euchromatin-like and may contain hyper-
acetylated regular histones in S. pombe. It remains to be
determined whether a similar chromatin alteration occurs
in human cells that deplete hMis18.
EXPERIMENTAL PROCEDURES
Strains, Media, and RNA Interference
HeLa cells were diluted at 37C in DMEM (GIBCO-BRL) supplemented
with 10% FBS, 1% penicillin-streptomycin, and 1% antibiotic-antimy-
cotic. Small interfering RNA (siRNA) were synthesized by Jbios for
RNAi as follows:
hMis18a, 50-CAGAAGCUAUCCAAACGUGTT-30;
hMis18b, 50-AGGCAGUACUUACAACCUUTT-30;
M18BP1, 50-GAAGUCUGGUGUUAGGAAATT-30;
CENP-A, 50-CACAGUCGGCGGAGACAAGTT-30.
These sequences are unique in the human gene database. The
procedures for cell culture and transfection with Oligofectamine
(Invitrogen) were previously described (Goshima et al., 2003).
Plasmid and Transfection
The human hMis18a and hMis18b genes were cloned by direct PCR
with a HeLa cDNA library as a template. GFP-hMis18a and hMis18b
were constructed by inserting the coding regions of hMis18a and
hMis18b, respectively, in frame into the EGFP-C1 vector (CMV pro-
moter; Clonetech Laboratories, Inc.) by introducing a BglII site in front
of the initiation codon. After the stop codon, SacII and NotI werer Inc.
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Telophase Centromere Protein Complexinserted for hMis18a and hMis18b, respectively. The ampicillin-resis-
tant gene was added for selection. Plasmid DNAs were purified by us-
ing the Endofree Maxi kit (QIAGEN) and were transfected into HeLa by
using the Effectene transfection kit (QIAGEN). HeLa cells that can grow
in the presence of Geneticin were isolated and were confirmed to ex-
press the GFP-hMis18a protein stably by immunoblot and micros-
copy. The full-length cDNAs of hMis18a and hMis18b were isolated,
tagged with GFP at the amino termini, and placed in the vector
pEGFP-C1 (Clontech) under the CMV promoter (Obuse et al., 2004b).
Antibodies
Immunoblot and immunoprecipitation were performed with antibodies
against GFP (Roche); FLAG (Sigma); tubulin (Sigma); CENP-B (a gift
from Dr. H. Masumoto); CENP-F (Calbiochem); and CENP-A, CENP-
C, and hMis6 (a gift from Dr. K. Yoda). To obtain polyclonal antibodies
against hMis18a, the full-length 233 aa sequencewas inserted in frame
into the pGST vector. The resulting GST-hMis18a protein was pro-
duced in Escherichia coli by induced expression with 1 mM IPTG for
6 hr at 36C. The fusion protein recovered in the inclusion bodies was
run in SDS-PAGE and was electroeluted by BIOTRAP (Whatman
Schleicher & Schuell). The purifiedGST-hMis18awas used for immuni-
zation of two rabbits. The 24-week-old sera were affinity purified by us-
ing a CNBr column. Monoclonal antibody against M18BP1 was raised
by using the C-terminal sequence Cys-NAVESLDEEEKDYYFSNSDSA.
Light Microscopy and Time-Lapse Imaging
The procedures of Hoechst 33342 staining and immunofluorescence
microscopy were previously described (Goshima et al., 2003; Obuse
et al., 2004b; Hayashi et al., 2004). Antibodies against hMis18a (1:20
dilution), M18BP1 (1:100), CENP-A (1:100), CENP-C (1:1000), hMis6
(1:500), CENP-B (1:2), CENP-F (1:1000), and tubulin (1:500) were
used as primary antibodies after appropriate dilution. To observe living
cells, the DeltaVision microscope system (Applied Precision, Inc.) was
used (Obuse et al., 2004b). HeLa cells were cultured in the liquid
DMEM on glass-based dishes (Iwaki). The images of HeLa cells were
collected at 5 min intervals, and time-lapse series were generated.
The HeLa cell line stably expressing histone H2B-GFP (a gift from
Dr. H. Saya) was used for taking movies after RNAi was applied (Kuni-
toku et al., 2003).
Yeast Two- and Three-Hybrid Methods
The standard protocols for the two- and three-hybrid methods (Match-
maker Library Protocol, Clonetech) were applied. For the three-hybrid
method, the budding yeast strain SFY526 was cotransfected with
plasmids Gal4-AD and Gal4-BD, which were fused with either of the
full-length genes for hMis18a, hMis18b, or M18BP1. The resulting
transformants were mixed and streaked on filter paper and were incu-
bated at 30C for 1 day. The b-galactosidase assay was conducted for
colonies cultured on filter paper (Whatman #50) at 30C for 1 day, and
they were incubated at 30C for 3 hr in the Z buffer/X-gal solution.
Supplemental Data
Supplemental Data include four figures and seven movies and are
available at http://www.developmentalcell.com/cgi/content/full/12/1/
17/DC1/.
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